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Abstract. Dynamic tension variation caused by conductor galloping is a major impact on design 
and stable operation of overhead transmission lines. A formula to calculate tension variation 
caused by the conductor galloping was presented in this paper by using the energy balance method. 
And two important parameters and were proposed by the dimensionless analysis to study the 
factors influencing the dynamic tension. By comparison with the popular expression obtained by 
the length variation method, the formula deduced in this paper has more extensive applications 
and it was simplified to obtain the expression derived by the length variation method as the 
parameters and have the smaller values. Using the actual galloping conditions, the tension 
variation maximum against the different parameters was obtained and it can go up to 3-4 times as 
large as the initial tension for some extreme cases. Additional a finite element galloping model 
was used to verify the theoretical expression. The results by the theoretical calculation were 
agreement well with the numerical simulated values except the extremely large amplitude 
galloping conditions. 
Keywords: transmission line, dynamic tension, galloping, energy balance method. 
1. Introduction 
Dynamic tension is one of the most important controlling loads for the design of transmission 
lines besides static tension [1-3]. Dynamic tensions can mainly be caused by large amplitude 
conductor oscillations, including ice shedding [4-5], galloping [6] and wind-induced swing [7-8], 
etc. In these cases, conductor galloping is the most dangerous phenomenon and has a major impact 
on the design of transmission lines. Conductor galloping can cause such severe disruptions as 
short circuit, flashover between phases and great damage to conductors, fittings or tower 
components [1]. 
Galloping is characterized by conductor motions which amplitudes may approach or exceed 
the conductor sag. Large amplitude oscillations can lead to excessive tension variations around 
the initial value [9]. And tension variations depend on galloping amplitudes and number of loops. 
Generally, galloping is a low frequency, high amplitude wind induced vibration of a single or a 
few loops of standing waves per span, which can make terrible tension changes on conductors. It 
is the most significant reason that larger load variations occur between each side of a given tower, 
between sub-conductors for bundle conductors, and between phases during conductor galloping 
which is sometimes destructive to lines system. So tension variation characteristics on galloping 
are a major consideration on designing and operating of overhead transmission lines, especially 
for both clearances and tower components [10]. 
Existing dynamic tension calculation on galloping conductors is based on the length variation 
as a result of lines galloping, which has been widely studied in the literatures [11-13]. Zhu et al. 
[11] have evaluated the theoretical formula by testing results. Wang et al. [12] have studied to 
decompose the theoretical formula into horizontal and vertical tensions at the suspension point. 
But the formula deduced by length variation method is approximate by neglecting high order 
elements. Wang [13] showed the tension difference between adjacent spans by modeling the 
insulators separately using finite element method. Nonetheless the simulation of suspension 
insulators is more complex and it need be remodeled for every line and insulator structure. [1] 
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showed a detailed analysis and summary for the dynamic load on towers by the tension variations 
on conductor galloping. The conclusions in this literature showed that the tension variation is from 
0 to 2.2 times as large as the static value in the condition of anchoring level and the vertical load 
is from 0 to 2 times as large as the static value for suspension level. 
In this paper, a dynamic tension calculation method is presented with the energy principle. 
And the approximation formula is also generalized to calculate the tension variation on galloping 
conductors. In contrast with the expressions deduced by length change method, the formula in this 
paper is more universal and the detailed discussion is also presented to the different results 
obtained by two different methods. In addition, because the influencing parameters to calculate 
dynamic tension are complicated, dimensionless parameters are deduced to describe multiple 
parameters influence. Finally, a practical example is presented to illustrate the applicability of the 
calculation method. 
2. Formulation 
Generally, there are three different wind-induced vibration phenomena on conductors, namely 
aeolian vibration, galloping and subspan oscillation. Aeolian vibration is a typical vortex-induced 
vibration with low amplitude and high frequency. Galloping is a self-excited vibration by the wind 
force with high amplitude and low frequency, and this vibration occurs commonly on iced 
conductors. Subspan oscillation is a wake-induced vibration peculiarly to bundled conductors with 
amplitude and frequency in between aeolian vibration and galloping. In this study, we only focus 
on the conductor galloping phenomenon which has a major impact on the design of overhead lines 
as large load variations may occur between phases and even between each side of a given tower. 
In essence, as a typical self-excited vibration phenomenon, conductor galloping takes the basic 
form of standing waves and/or traveling waves with small numbers of loops [1]. Fig. 1 gives the 
schematic of a typical conductor galloping type with the third mode shape. In fact, it is very 
difficult to calculate dynamic response and dynamic stress variation accurately on galloping 
conductors because of complex nonlinearities with large deformation and aerodynamic load. And 
research effort is continued in this field [14-17]. 
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Fig. 1. The schematic of a typical conductor galloping type with the third mode shape 
But in the point of energy, galloping excitation is a process that the conductor absorbs wind 
energy continuously and finally obtains a relatively stable oscillation mode based on energy 
balance. According to the structural dynamics theory, wind energy absorbed by the conductors 
can convert into kinetic energy, potential energy, deformation energy and dissipation energy by 
damping of the line system. In practice, the energy dissipated by the damping of conductors and 
fittings can be neglected because the damping coefficients are very small based on the testing 
results. If take no account of extreme cases, conductor plastic deformation and the dynamic 
behaviour of the tower components on galloping can also be neglected to calculate energy 
dissipation. So when conductor galloping is in the stable condition, the energy balance equation 
can be expressed as follows: 
ܧ஽ = ܧ௉ + ܧ், (1)
where ܧ஽ is the kinetic energy: 
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ܧ஽ = න
ܹ
2݃ ݒ(ݔ, ݐ)
ଶ݀ݔ
௅
଴
. (2)
ܧ௉ is the potential energy: 
ܧ௉ = න ܹݕ(ݔ, ݐ)݀ݔ
௅
଴
. (3)
ܧ்  is the deformation energy. Because of the above hypothesis, the conductor plastic 
deformation and the tower components deformation are neglected. And for the sake of simplicity 
in this demonstration, energy obtained by conductor torsional deformation during galloping can 
also be regarded as a small term, especially for single conductors. So ܧ் can be only expressed as 
elastic deformation energy: 
ܧ் = න
ܧܣ
2 (ܶ(ݐ)
ଶ − ܶ(0)ଶ)݀ݔ
௅
଴
. (4)
And from above expressions, ݕ(ݔ, ݐ) is the conductor galloping displacement in the vertical 
relative to the initial position, ݒ(ݔ, ݐ) is the linear velocity as conductor galloping, ܶ(ݐ) is the 
variable tension with time dependence, ܮ is the span length, ܹ is the iced conductor mass per unit 
length, ݃ is gravitational acceleration, ܧ is conductor equivalent modulus of elasticity, ܣ is the 
area of conductor section. 
Based on the wide observations for galloping accidents and relevant research achievements, 
the conductor galloping mode is generally a single or a few loops of standing waves per span. So 
the oscillation trajectory can be expressed approximately as a trigonometric function: 
ݕ(ݔ, ݐ) = ܽsin ቀ݊ߨܮ ݔቁ sin߱ݐ, (5)
where ܽ is the conductor galloping amplitude, ݊ is the galloping mode number, ߱ is the galloping 
frequency. 
Supposing that ݒ(ݔ, 0) = 0 when ݐ = 0, and based on the Eq. (5) the velocity ݒ(ݔ, 0) can be 
expressed as follow: 
ݒ(ݔ, ݐ) = ටܽ௬଴ଶ + ܽ௭଴ଶ ߱sin ቀ
݊ߨ
ܮ ݔቁ sin߱ݐ, (6)
where, ܽ௬଴  and ܽ௭଴  are the conductor galloping amplitudes in the vertical direction and the 
horizontal direction, respectively. 
Substituting Eqs. (2)-(6) into Eq. (1), the expression of variable tension with time dependence 
can be obtained: 
ܶ(ݐ) = ඨܶ(0)ଶ + 2ܧܣ ቈܹ4݃ ൫ܽ௬଴
ଶ + ܽ௭଴ଶ ൯߱ଶsinଶ(߱ݐ) −
ܹܽ௬଴
ܮ sin(߱ݐ) න sin ቀ
݊ߨ
ܮ ݔቁ ݀ݔ
௅
଴
቉. (7)
And if this inequation: 
ܶ(0)ଶ > 2ܧܣ ቈܹ4݃ ൫ܽ௬଴
ଶ + ܽ௭଴ଶ ൯߱ଶsinଶ(߱ݐ) −
ܹܽ௬଴
ܮ sin(߱ݐ) න sin(
݊ߨ
ܮ ݔ)݀ݔ
௅
଴
቉, (8)
is satisfied, the right side term of Eq. (7) can be expended by power series as follow: 
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ܶ(ݐ) = ܶ(0) + ܧܣܶ(0) ቈ
ܹ
4݃ ൫ܽ௬଴
ଶ + ܽ௭଴ଶ ൯߱ଶsinଶ(߱ݐ) −
ܹܽ௬଴
ܮ sin(߱ݐ) න sin ቀ
݊ߨ
ܮ ݔቁ ݀ݔ
௅
଴
቉ 
      + ෍
∏ ቀ12 − ܬቁ
௃ୀூିଵ
௃ୀ଴
ܫ! ܶ(0)
1ି2ூ ቊ2ܧܣ ቈܹ4݃ ൫ܽ௬଴
ଶ + ܽ௭଴ଶ ൯߱ଶsinଶ(߱ݐ)
ାஶ
ூୀଶ
−
ܹܽ௬଴
ܮ sin(߱ݐ) න sin ቀ
݊ߨ
ܮ ݔቁ ݀ݔ
௅
଴
቉ቋ
ூ
.
(9)
Let that: 
߱ = ݊ߨܮ
ඨ݃ܶ(0)
ܹ , 
(10a)
and suppose that: 
ܽ௬଴ଶ + ܽ௭଴ଶ ≈ ܽ௬଴ଶ . (10b)
Substituting Eqs. (10a)-(10b) into Eq. (9) and omitting higher order terms, the approximate 
expression for variable tension can be obtained: 
ۖە
۔
ۖۓܶ(ݐ) = ܶ(0) +
ܧܣܽ௬଴ଶ ݊ଶߨଶ
4ܮଶ sin
ଶ߱ݐ, ݊ is even number,
ܶ(ݐ) = ܶ(0) +
ܧܣܽ௬଴ଶ ݊ଶߨଶ
4ܮଶ sin
ଶ߱ݐ −
2ܧܣܹܽ௬଴
݊ߨܶ(0) sin߱ݐ, ݊ is odd number.
(11)
Substituting Eqs. (10a)-(10b) into Eq. (8), the conditions that Eq. (11) holds can be deduced 
as follow. 
1) When ݊ is even number, the following expression can be obtained: 
ܶ(0)ଶ > ܧܣ
݊ଶߨଶܽ௬଴ଶ
2ܮଶ sin
ଶ߱ݐ. (12a)
2) When ݊ is odd number, the following expression can be obtained: 
ܶ(0)ଶ > ܧܣ ቆ
݊ଶߨଶܽ௬଴ଶ
2ܮଶ sin
ଶ߱ݐ −
32ܽ௬଴ ௠݂
݊ߨܮଶ sin߱ݐቇ, (12b)
where ௠݂ is the conductor maximum sag in the initial location. 
It is obvious that the expression in Eq. (11) is the same with the formula deduced by the length 
variation method [2-3]. And only when Eqs. (10) and (12) are all satisfied, Eq. (11) can be deduced 
from Eq. (7). If Eq. (12) is unsustainable, the results obtained from Eq. (11) are divergent. 
In order to analyze influencing factors to tension variation, a dimensionless expression 
deduced from Eq. (7) can be obtained: 
ܶ(ݐ)
ܧܣ =
ۣ
ളള
ളള
ളള
ളള
ለ
ቆܶ
(0)
ܧܣ ቇ
ଶ
+ 2
ۏ
ێ
ێ
ێ
ۍ 1
4 ൫ܽ௬଴
ଶ + ܽ௭଴ଶ ൯
݊ଶߨଶ
ܮଶ ቆ
ܶ(0)
ܧܣ ቇ sin
ଶ(߱ݐ)
−
8 ௠݂ܽ௬଴
ܮଷ ቆ
ܶ(0)
ܧܣ ቇ sin(߱ݐ) න sin ቀ
݊ߨ
ܮ ݔቁ ݀ݔ
௅
଴ ے
ۑ
ۑ
ۑ
ې
. (13)
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The maximum of tension variations is also an important parameter on design and analysis. 
From Eq. (13), the expression of tension maximum can be obtained as follows. 
1) When ݊ is even number, ܶ(ݐ) reaches the maximum when sin(߱ݐ) = 1: 
୫ܶୟ୶
ܧܣ =
ඨቆܶ
(0)
ܧܣ ቇ
ଶ
+ 12
݊ଶߨଶ൫ܽ௬଴ଶ + ܽ௭଴ଶ ൯
ܮଶ ቆ
ܶ(0)
ܧܣ ቇ.
(14a)
2) When ݊ is odd number, ܶ(ݐ) reaches the maximum when sin(߱ݐ) = −1: 
୫ܶୟ୶
ܧܣ =
ඨቆܶ
(0)
ܧܣ ቇ
ଶ
+ 12
݊ଶߨଶ൫ܽ௬଴ଶ + ܽ௭଴ଶ ൯
ܮଶ ቆ
ܶ(0)
ܧܣ ቇ +
32 ௠݂ܽ௬଴
݊ߨܮଶ ቆ
ܶ(0)
ܧܣ ቇ.
(14b)
From Eq. (13), choose the dimensionless parameters Ωଵ = ݊ߨܽ ܮ⁄ , Ωଶ = ௠݂ ݊ଶߨଶܮ⁄ . Then 
Eq. (14) can be transformed into: 
ە
ۖ
۔
ۖ
ۓ
஽ܶ୫ୟ୶ = ඨ ஽ܶ଴ଶ +
1
2 Ωଵ
ଶ
஽ܶ଴, ݊  is even number,
஽ܶ୫ୟ୶ = ඨ ஽ܶ଴ଶ +
1
2 Ωଵ
ଶ
஽ܶ଴ + 32ΩଵΩଶ ஽ܶ଴, ݊ is odd number,
 (15)
where ஽ܶ = ܶ(ݐ) ܧܣ⁄ . 
From Eq. (15), the tension variation maximum lies only on ஽ܶ଴  and Ωଵ  when ݊ is a even 
number, and it is only the function of ஽ܶ଴, Ωଵ and Ωଶ when ݊ is an odd number. The parameter 
஽ܶ  can be regarded as relative tension, Ωଵ  expresses relative galloping amplitude and Ωଶ 
expresses relative initial sag. 
3. Analysis results 
In analysis results, we need to consider reasonable value for parameters Ωଵ and Ωଶ based on 
engineering actuality. From the expressions of Ωଵ  and Ωଶ , galloping amplitude ܽ  is the most 
important parameter, but hitherto there is no accurate expression except some testing statistical 
results [18]. So based on existing empirical formulae, the variation range for parameter Ωଵ is 
[0, 0.2] and Ωଶ is in the range [0.0001, 0.001] when ݊ is an odd number. 
Firstly, assume that the number of galloping loops is even. In order to describe the tension 
variation ratio, define the tension variation factor as follows: 
ߜ= ஽ܶ୫ୟ୶
஽ܶ଴
. 
Fig. 2 gives the ratio of tension variation to the initial tension with different parameter Ωଵ and 
relative initial tension ஽ܶ଴. The results show that the tension variation on galloping can go up to 
3-4 times as large as the initial tension for the extreme cases. Tension variation factors will 
increase with the increment of Ωଵ and Ωଶ, and will decrease with the increment of ஽ܶ଴. 
Secondly, assume that the number of galloping loops is odd. Fig. 3 gives the results of tension 
variation factors with different parameters Ωଵ , Ωଶ  and relative initial tension ஽ܶ଴ . Tension 
variation factors will increase with the increment of Ωଵ  and Ωଶ , and will decrease with the 
increment of ஽ܶ଴. 
These results illustrated in Fig. 2 and Fig. 3 are possibly more severe than the results obtained 
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by Havard [19] whose paper shows that tension variation factors (peak-peak/static) are up to 2.2 
for general high voltage lines based on available measurements. But the maximum factor 
represents actually an extreme galloping case which is difficult to be observed on actual lines. 
 
Fig. 2. Dynamic tension variation with different dimensionless parameter Ωଵ as even number ݊ 
 
Fig. 3. Dynamic tension variation with different dimensionless parameter Ωଵ and Ωଶ as odd number ݊ 
4. Illustrative examples 
A numerical approach to calculate the dynamic tension of the galloping conductors is proposed 
as illustrative examples to validate the above formula [20]. 
A full multi-span finite element iced transmission line model is used to describe the galloping 
phenomena and calculate the horizontal tension variance caused by galloping. The line is 
simulated by six-degree-of-freedom (6-DOF) curved beam element. 
Without lost of generality, a typical conductor ACSR GL/G1A-240/30-24/7 is selected in this 
analysis. The physical parameters used in the simulation are listed in the Table 1. 
Table 1. Parameters employed to simulate galloping 
Parameters Units For line in example 
Axial rigidity N 2.78×107
Horizontal component of tension N 19550 
Diameter of bare conductor (ܴ) mm 21.6 
Damping ratio in the ݕ direction  0.008 
Mass per unit length kgm–1 0.921 
Iced conductor shape  D-shape 
Ice thickness ((ܮ– ܴ)/2) mm 10 
Static off-set angle (ߠ) º 10 
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Fig. 4. A schematic for D-shape iced conductor, ܮ is iced conductor section width,  
ܴ is diameter of bare conductor, ߠ is static off-set angle and ܷ௓ is wind velocity 
 
Fig. 5. Lift, drag and moment coefficients of the D-shaped conductor used in example 
 
a) Dimensionless tension maximum with different dimensionless parameter Ωଵ as even order modes 
 
b) Dynamic tension variation factors with different dimensionless parameter Ωଵ as even order modes 
Fig. 6. Comparison of theoretical predictions with numerical simulated data 
1423. A STUDY ON THE DYNAMIC TENSION OF GALLOPING CONDUCTORS BASED ON ENERGY BALANCE METHOD.  
CHAOQUN LIU, BIN LIU, HUALING CHEN 
 © JVE INTERNATIONAL LTD. JOURNAL OF VIBROENGINEERING. NOV 2014, VOLUME 16, ISSUE 7. ISSN 1392-8716 3347 
 
a) Dimensionless tension maximum with different dimensionless parameter Ωଵ as odd order modes 
 
b) Dynamic tension variation factors with different dimensionless parameter Ωଵ as odd order modes 
Fig. 7. Comparison of theoretical predictions with numerical simulated data 
The ice accretion is an important inducement for conductor galloping. Eccentric ice coated on 
the conductor has the effect to modify the original conductor’s cross sectional shape such that it 
becomes aerodynamically or aeroelastically unstable to excite galloping. Based on existing field 
observations and researchers, D-shape iced conductor is the most sensitive to excite galloping than 
other familiar eccentric ice shapes. So in this analysis, a typical D-shape iced conductor model is 
selected and a schematic is shown in Fig. 4. 
The quasi-steady aerodynamic loads were measured in a wind tunnel for this D-shape iced 
conductor and they are given in Fig. 5. And the relevant polynomial fitting curves to the 
aerodynamic coefficients are also shown in Fig. 5. 
The different conductor galloping characteristics are obtained by using different horizontal 
distance between adjacent towers, different wind velocities and different wind load distributions. 
Numerical and theoretical values of this example are compared in Fig. 6 as the number of 
galloping loops is even order and Fig. 7 as it is an odd order. Fig. 6(a) gives the dimensionless 
tension maximum against different parameter Ωଵ. From this figure, it is perfect agreement between 
numerical and theoretical values when Ωଵ is on the small side. And the numerical simulation data 
of tension maximum fall consistently below the theoretical values when Ωଵ is greater than 0.14. 
These differences are up to 30 percent. And the great discrepancies between numerical simulation 
and theoretical calculation are possibly because that theoretical analysis does not consider plastic 
deformation on conductors and influence of adjacent spans. The larger Ωଵ  indicates greater 
galloping amplitude when the span length is limited. Especially with the extremely great 
amplitude galloping condition, conductor plastic deformation and adjacent span action will play a 
more important role, which makes the galloping tension maximum obtained by theoretical 
calculation will be greater than by numerical simulation. And Fig. 6(b) gives tension variation 
factor against different parameter Ωଵ, and it shows the same trend with the Fig. 6(a). 
Fig. 7(a) gives dimensionless tension maximum against different parameter Ωଵ obtained by 
numerical simulation and theoretical calculation respectively, which shows the perfect agreement 
between numerical and theoretical results. And in Fig. 7(b) the numerical simulated and 
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theoretical calculated tension variation factors against different parameter Ωଵ  are compared, 
which shows that it is an agreement when Ωଵ is less than 0.1. 
5. Conclusions 
Dynamic tension variation caused by the conductor galloping has a major impact on design 
and stable operation for the overhead transmission lines. The formula to calculate the dynamic 
tension variation caused by the conductor galloping is derived clearly by the energy balance 
method presented in this paper. And two parameters Ωଵ and Ωଶ to influence the dynamic tension 
are proposed by the dimensionless analysis. The obtained results could be summarized as follows. 
1) Dimensionless tension variation maximum is only related to the initial tension and two 
parameters Ωଵ  and Ωଶ . With increasing of values for these parameters, the tension variation 
maximum will augment. Ωଵ is more important whether the number of galloping loops is even or 
odd, and Ωଶ has the influence only when the number of galloping loops is odd. 
2) When Eq. (10) and Eq. (12) are satisfied, the popular expression obtained by the length 
variation method can be deduced from the formula derived using the energy balance method by 
the series expansion. It means that Eq. (11) is available only for small values of Ωଵ and Ωଶ. 
3) The tension variation maximum by the conductor galloping can go up to 3-4 times as large 
as the initial tension for the extreme cases. 
4) This theoretical analysis does not consider the plastic deformation on conductors and the 
influence of adjacent spans. And as an important parameter, wind can be considered implicitly by 
galloping amplitude ܽ in dimension parameter Ωଵ. 
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